Production of superoxide in chloroplast thylakoid membranes ESR study with cyclic hydroxylamines of different lipophilicity by Kozuleva, Marina et al.
FEBS Letters 585 (2011) 1067–1071journal homepage: www.FEBSLetters .orgProduction of superoxide in chloroplast thylakoid membranes
ESR study with cyclic hydroxylamines of different lipophilicity
Marina Kozuleva a, Irina Klenina a, Ivan Proskuryakov a, Igor Kirilyuk b, Boris Ivanov a,⇑
a Institute of Basic Biological Problems, Russian Academy of Sciences, Pushchino 142290, Russia
bNovosibirsk Institute of Organic Chemistry, Russian Academy of Sciences, Siberian Branch, Novosibirsk 630090, Russiaa r t i c l e i n f o
Article history:
Received 12 February 2011
Revised 1 March 2011
Accepted 1 March 2011
Available online 4 March 2011
Edited by Richard Cogdell
Keywords:
Chloroplast
Electron transport chain
Oxygen reduction
Superoxide
Superoxide detector
Cyclic hydroxylamine
Electron spin resonance0014-5793/$36.00  2011 Federation of European Bio
doi:10.1016/j.febslet.2011.03.004
Abbreviations: CHA, cyclic hydroxylamine; Chl,
3-(3,4-dichlorophenyl)-1,1-dimethylurea; DCP-H an
tetramethylpyrrolidine-3,4-dicarboxylic acid and its
MV, methyl viologen; PETC, photosynthetic elec
photosystem I; PSII, photosystem II; PQH2, plastohyd
dismutase; TMT-H and TMT, 1-hydroxy-4-isobut
piperidinium and its nitroxide radical derivative
⇑ Corresponding author. Address: Institute of Basic
Academy of Sciences, Moscow Region, Pushchino 1
330532.
E-mail address: ivboni@rambler.ru (B. Ivanov).a b s t r a c t
Accumulation of nitroxide radicals, DCP or TMT, under illumination of a thylakoid suspension con-
taining either hydrophilic, DCP-H, or lipophilic, TMT-H, cyclic hydroxylamines that have high rate
constants of the reaction with superoxide radicals, was measured using ESR. A slower accumulation
of TMT in contrast with DCP accumulation was explained by re-reduction of TMT by the carriers of
the photosynthetic electron transport chain within the membrane. Superoxide dismutase sup-
pressed TMT accumulation to a lesser extent than DCP accumulation. The data are interpreted as
evidencing the production of intramembrane superoxide in thylakoids.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The process of oxygen reduction in photosynthetic electron
transport chain (PETC) (Mehler reaction), inevitable in oxygenic
atmosphere of the Earth, can amount to 10–30% of the total photo-
synthetic electron ﬂow in higher plants [1,2]. Many physiological
functions are attributed to this process [3]. This process starts with
reduction of the O2 molecule to superoxide radical, O2 [4]. The
reaction can be performed either by ferredoxin, the soluble carrier
of PETC situated in chloroplast stroma [5], or by the membrane-
bound carriers, the components of the acceptor side of photosys-
tem I (PSI), and plastosemiquinone [6]. The superoxide generated
by the membrane-bound carriers can either diffuse out of thechemical Societies. Published by E
chlorophyll; DCMU (diuron),
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e.g., lipid peroxidation.
The possibility of O2 production within the thylakoid mem-
brane was ﬁrst proposed by Takahashi and Asada [7], who pro-
vided a number of indirect indications of such process. There are
few methods to follow O2 production in biological objects. Appli-
cation of ESR spectroscopy to observe the spin adduct formation in
the reaction of superoxide with spin trap DMPO [8] as well as the
detection of catechol Tiron oxidation by superoxide [9] demon-
strated that superoxide is the primary product of oxygen reduction
in chloroplasts. However, we are non-aware of any successful at-
tempts to follow the production of superoxide speciﬁcally within
thylakoid membranes. A new class of O2-detectors are cyclic
hydroxylamines (CHAs), which become paramagnetic after being
oxidized. Their rate constants of oxidation by O2 are two orders
of magnitude higher than the constants of O2 trapping by such
established spin traps as DMPO and EMPO [10]. The reaction prod-
uct, nitroxide radical, which can be detected by ESR, is much more
stable than spin adducts.
In this work, the CHAs possessing different lipophilicity were
used. The partition coefﬁcients of TMT-H and DCP-H in octanol-
phosphate buffer (pH 7.4) system are 35 and 0.05, respectively
[10]. DCP-H unlike TMT-H has two carboxylic groups and at pH
higher than 7 is negatively charged. This provides both thelsevier B.V. All rights reserved.
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brane that is also charged negatively at such pH. We found that a
considerable part of superoxides produced in thylakoids can react
with lipophilic CHA, TMT-H, but not with hydrophilic CHA, DCP-H.
This is discussed as a conﬁrmation of the presence of the ‘intra-
membrane’ superoxides.Fig. 1. (A and B) Accumulation of TMT and DCP in a suspension of isolated
thylakoids under illumination in the absence (A) and in the presence (B) of SOD. (C)
The effect of SOD as a function of CHA concentration. Thylakoids, 0.1 mg Chl ml1;
1 lM gramicidin D; 3 mM TMT-H or 3 mM DCP-H; light intensity, 500 lmol quanta
m2 s1. ESR conditions are described in the text. Up and down arrows indicate light
on and light off, respectively; NR, nitroxide radical. Please note the different NR
scales in parts A and B.2. Materials and methods
Thylakoids were isolated as described earlier [11] from the
leaves of pea grown in a greenhouse. Chlorophyll (Chl) concentra-
tion was determined spectrophotometrically in 95% ethanol ex-
tracts [12]. The reaction medium in all assays contained 0.1 M
sucrose, 25 mM HEPES–KOH (pH 7.8), 20 mM NaCl, 5 mM MgCl2,
50 lMdesferoxamine and thylakoids as indicated in ﬁgure legends.
When mentioned, superoxide dismutase (SOD) was added in satu-
rating concentration, usually 100 U ml1. Anaerobic conditions
were established by adding 10 mM glucose, 30 U ml1 glucose oxi-
dase and 300 U ml1 catalase to the suspension. All comparative
measurements were conducted with the same preparation on the
day of isolation. DCP-H  HCl and TMT-H  HCl were prepared
according to the method described in [13], and were identical to
those supplied by ENZO (USA). Stock solutions of CHA (20 mM) in
0.9% NaCl, containing 50 lMdesferoxamine and purgedwith argon,
were prepared daily and kept under argon on ice. Desferoxamine
was used to decrease autooxidation of CHA catalyzed by trace
amounts of free iron. Superoxide production was followed by the
formation of nitroxide radicals detected with ESR. ESR samples
were prepared in 1 mm i.d. glass capillaries and studied at room
temperature using EMX-6 ESR spectrometer (Bruker, Germany) in
ER4102ST microwave cavity with 50% transparent irradiation grid.
The kinetics of nitroxide production was recorded by monitoring
the amplitude of the low ﬁeld component of the ESR spectrum of
CHA-nitroxide at microwave power 20 mW, modulation amplitude
0.4 mT and time constant 0.3 s. To calibrate the spectrometer sensi-
tivity, 105 M Tempol solution was measured under identical con-
ditions. This calibration was then used to calculate absolute
nitroxide concentrations. Reaction mixture in the ESR cavity was
illuminated through a red cut-off ﬁlter (k >600 nm). The light inten-
sity as photon ﬂux density, lmol quanta m2 s1, at the sample po-
sition was determined using a LI-CORmodel LI-250 quantummeter
(Licor, Nebraska, USA). The redox state of P700 was determined by
the difference in the absorption at 810 and 860 nm [14] in a stan-
dard cuvette (Walz, Germany); white light, 600 lmol quanta
m2 s1, was applied from the top via light guide. Oxygen concen-
tration changes weremeasured with a Clark-type oxygen electrode.
3. Results
CHAs were not earlier used in the studies of light activated pro-
cesses, so it was checked that illumination of CHA solutions con-
taining all components except thylakoids did not lead to
production of radicals (data not shown). The rate constants of the
reactions of TMT-H and DCP-H with O2 are similar, 4.9 and
3.2  103 M1 s1, respectively [13]. Taking into account the rate
of O2 production under conditions of the experiment, about
50 leqv (mg Chl)1 h1 (measured with pO2-electrode), and the
rate constant of spontaneous dismutation of O2 at pH 7.8,
105 M1 s1, the steady-state rate of dismutation was calculated
to be by almost three orders of magnitude lower than the rate of
O2 reaction with 3 mM CHA. So, the CHAs successfully compete
with dismutation and can be used as O2-detectors at millimolar
concentrations.
Illumination of thylakoid suspension containing either DCP-H
or TMT-H leads to a gradual accumulation of nitroxide radicals(Fig. 1A). SOD that accelerates the dismutation of O2 in solution
by several orders of magnitude and thus decreases its concentra-
tion to very low values, suppressed the accumulation of DCP
almost to zero, while that of TMT only by 85–90% (Fig. 1B). The dif-
ferent action of SOD on nitroxide accumulation with TMT-H vs.
Fig. 2. (A) The effect of 20 lM diuron on the rate of accumulation of the nitroxide
radical TMT, NR. (B and C) The effect of 3 mM TMT-H on the reduction of P700+ in
thylakoids after switching off the light in the presence of either 50 lM methyl
viologen (B) or 50 lM methyl viologen and 20 lM diuron (C). In A, conditions as in
Fig. 1; in B and C, thylakoids with 0.1 mg Chl ml1. Up and down arrows indicate
light on and light off, respectively. Please note the different time scales in the parts
B and C.
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act with superoxides within the membrane, where they are inac-
cessible to both water-soluble protein SOD and DCP-H at low
concentration. Oxidation of DCP-H in the absence of SOD is obvi-
ously mediated by O2 released from thylakoid membrane. The
higher percent of nitroxide accumulation in the presence of SOD
with TMT-H compared to DCP-H was observed at various CHA con-
centrations in solution (Fig. 1C). An increase of SOD-independent
portion of nitroxide accumulation at higher concentrations of CHAs
indicates an increase of interception of O2 by the hydroxylamines
in the membrane, where their concentration also increases. This
also indicated that TMT accumulation in the presence of SOD
was not the result of its accumulation in the thylakoid lumen, in
which case the SOD-independent portion should not depend upon
CHAs concentration. Actually, the outﬂow of superoxides into lu-
men is hardly possible [6], which is supported by that amino-ter-
minal sequencing of lumenal proteins did not reveal SOD there
[15].
The inhibitor of the electron transport, 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU (diuron)), that totally prevents O2
production in PETC [16] suppressed the accumulation of DCP
practically to zero (not shown), whereas a slow TMT accumula-
tion was still observed (Fig. 2A). A possible oxidation of CHAs
to nitroxide by the carriers of PETC in the light was checked. With
methyl viologen (MV) as an electron acceptor providing fast elec-
tron outﬂow from PETC and measurable level of oxidized PSI do-
nor, P700+, the addition of 3 mM TMT-H did not change P700+
reduction rate after switching off the light (Fig. 2B). However,
in the presence of MV and diuron inhibiting electron donation
to P700+ from antecedent chain, such addition slightly accelerated
P700+ reduction (Fig. 2C). This explains the low residual rate of
TMT accumulation in the presence of diuron. An addition of
DCP-H did not affect the kinetics of P700+ reduction even in the
presence of diuron (not shown). Thus, under conditions of our
experiments in the absence of this inhibitor both these CHAs
did not accelerate P700+ reduction, so apparently they were not
oxidized by this species as well as by the carriers preceding
P700. Taking into account that P700 is situated deep in the mem-
brane, the different effects of TMT-H and DCP-H on P700+ reduc-
tion in the presence of diuron conﬁrms the much more efﬁcient
TMT-H penetration into the membrane.
As seen in Fig. 1A, the rate of TMT accumulation is appreciably
lower than the rate of DCP accumulation. It might be expected that
if lipophilic TMT-H reacted with O2 before it leaves for the water
phase, the rate of TMT accumulation, contrary to the experimental
results, would be higher. It is known that nitroxide radicals can be
reduced to ESR silent CHA [17], so we studied the feasibility of a
similar process in thylakoids. The amount of TMT or DCP in the
suspension was adjusted to similar values as measured with ESR,
and anaerobic conditions were established just before illumina-
tion. The disappearance of TMT in contrast to a slow residual DCP
accumulation was observed in the light (Fig. 3). The addition of
SOD led to an increase in the rate of TMT disappearance, and to
a further inhibition of DCP accumulation (Fig. 3).
The effects of SOD indicated that even under anaerobic condi-
tions created with glucose/glucose-oxidase system some amount
of O2 could appear in the light. Apparently O2 originated from
O2 molecules diffusing within the membrane from water-oxidizing
complex to the carriers capable of reducing them. More important,
the effect of SOD on concentration changes of TMT illustrates that
the observed rate of nitroxide radicals accumulation is the alge-
braic sum of the rates of their O2-dependent production and their
disappearance. We could not detect this under aerobic conditions,
since the second process was masked by the more intense ﬁrst pro-
cess. It is reasonable to assume that the mechanism of nitroxide
disappearance is its reduction since with such low-efﬁcient accep-tor as oxygen the PETC carriers are reduced. The data presented in
Fig. 3 show that TMT is reduced in the thylakoids much more efﬁ-
ciently than DCP, and the lower rate of TMT accumulation (Fig. 1)
is then explained by its prompt reduction at the site of its origina-
tion in the membrane. The re-entry of TMT from the medium to
the place of reduction is less probable due to the thinning in the
medium, volume of which at 0.1 mg Chl ml1 is about 500 times
higher than the volume of thylakoids. This inference is in accord
with the decreased rate of TMT disappearance during illumination
(Fig. 3).
Fig. 3. Light-induced changes of TMT and DCP concentrations under anaerobic
conditions in the absence and in the presence of SOD. The initial concentration of
TMT or DCP was 20–23 lM; other conditions as in Fig. 1.
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The presented results conﬁrm that TMT-H can react with super-
oxide in the membrane. This conclusion is supported by the weak-
er suppression by SOD of accumulation of TMT than of DCP, the
radicals formed by oxidation of lipophilic and hydrophilic CHA,
respectively (Fig. 1). As discussed above, the lower accumulation
rate of TMT compared to DCP (Fig. 1) is observed because the for-
mer is promptly re-reduced by PETC carriers in the membrane, and
this also supports the conclusion that TMT can be produced in the
reaction of TMT-H with O2 within the membrane.
Isolated thylakoids we used did not contain soluble ferredoxin,
and all superoxide was produced in the reaction of O2 with mem-
brane-bound carriers. For deﬁniteness, we propose to refer as the
‘intramembrane’ superoxides to those, which react within the
membrane with the molecules capable to get there, like TMT-H,
and, accordingly, have an increased probability to react with
membrane components. Such possibility is deﬁned by the dwell
time of O2 in the membrane, and this time in its turn depends
on the position and properties of the O2 generation site (for
rev. see [6]). The data of the two early studies [7,18] revealed a
delay in the appearance of O2 outside thylakoids after its gener-
ation in the light. These data are in line with the above
considerations.
Assuming that the accumulation rate of DCP, which is hardly
re-reduced, is a measure of the superoxides that avoid the reaction
with membrane components and can react with any CHA, the frac-
tion of superoxides that react with TMT-H within the membrane
can be estimated to a ﬁrst approximation. Most of these superox-
ides give TMT radicals that are promptly re-reduced, and the rate
of their production is equal to the difference in the rates of accu-
mulation of TMT and DCP. Others avoid re-reduction, and their
production is characterized by the rate of TMT accumulation inthe presence of SOD. From the experiments analogous to that pre-
sented in Fig. 1, the superoxides reacting with TMT-H within the
membrane average to 35% of the superoxides detected by DCP-H.
We assume that reduction of TMT does not affect the production
of O2, taking into account that the potential capacity of PETC is
by at least one order of magnitude larger than the electron trans-
port with O2 as the acceptor [19]. In the previous study [20] we
found that a considerable portion of superoxides generated by
membrane-bound carriers of PETC participated in intramembrane
H2O2 formation; in strong light, the fraction of such superoxides
amounted to about 50% of all superoxides generated. In the aprotic
membrane interior superoxide dismutation is hampered, and H2O2
is presumably produced in the thermodynamically favorable reac-
tion of superoxide with plastohydroquinone [6]. Taking into ac-
count the possibility of superoxide reduction by reduced
ferredoxin [21,22], its reduction by PSI low-potential carriers in
the membrane cannot be excluded. If the ‘intramembrane’
superoxides include both those reduced by the PETC components
and those that avoid this reaction but react with TMT-H in the
membrane, the fraction of such superoxides should be higher than
35%.
The dwell time in the membrane of O2 that originated there
may depend not only on the site of its generation, but also on
the state of the membrane. This state in vivo varies with physiolog-
ical leaf status being affected by the cell age and environmental
conditions. Thus, the level of ‘intramembrane’ superoxides can be
variable, and its value is important for membrane stability and
for the ﬁrst steps of redox signalling. The application of CHAs of
different lipophilicity can help to estimate this level, if other possi-
ble ways of their oxidation are carefully considered.
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